Introduction
Epidemiological studies have repeatedly demonstrated an inverse relationship between HDL and the risk ofcoronary artery diseases (CAD)' (1, 2) . The biochemical mechanism(s) behind this observed relationship is still unknown but is believed to be related to the role of HDL in promoting the transport of cholesterol from peripheral tissues to the liver for catabolism (reverse cholesterol transport) (3), thus preventing the accumulation of excess cellular cholesterol and the development of foam cells. Although this putative role of HDL in reverse cholesterol transport has not been proven conclusively, this concept is supported by many of the clinical features found in patients with HDL deficiency (4) . Furthermore, in vitro studies have shown that HDL can promote cellular cholesterol efflux (5, 6) .
Human HDL represents a population of particles that are heterogeneous in physical characteristics and in their lipid and protein composition. These particles are conventionally separated into two major density subfractions, HDL2 and HDL3, by ultracentrifugation. Using antibodies specific for apo A-I and A-II, HDL particles that differ in their apo A-I and A-II contents have been isolated (7, 8) . In normal human plasma, HDL is comprised of two major populations of particles, both contain apo A-I but only one contains apo A-II: Lp(AI w All) and Lp(AI w/o All) (7) (8) (9) . Recently, we identified a patient with HDL cholesterol and apo A-I levels below the fifth percentile of control population. Her plasma contained, besides Lp(AI w All) and Lp(AI w/o All), significant amounts of an unusual population of HDL particles with apo A-II as their major protein component: Lp(AII). Apo A-I was not detectable in these particles. This patient developed CAD at age 46. Since little is known regarding the characteristics of apo A-land A-Il-containing lipoproteins in HDL deficiency and their ability to promote cellular cholesterol efflux, we isolated and characterized the three populations of HDL particles in this patient and studied their ability to promote intracellular cholesterol efflux. This report describes our findings and discusses them in relationship to Tangier disease and to our understand-ing ofHDL subpopulations and their role in reverse cholesterol transport.
Methods
Subjects. Patient IM is a 48-yr-old Caucasian female of central European origin. She is 5.0 ft tall and weighs 93.5 lbs. She had a heart attack with no prior warning at age 46, and coronary bypass surgery was performed shortly after the episode. She was referred to the Northwest Lipid Research Clinic (NWLRC) 2 yr after the bypass surgery because of her extremely low (2-3 mg/dl) HDL cholesterol level. On physical examination, she displayed an erythematous, scaling dermatitis in the seborrheic area of the face. Her eyes showed fine corneal opacities on slit lamp examination characteristic of Tangier disease. The thyroid was normal but whitish-yellowish streaking was seen in both tonsillar fossae, right greater than left. The chest was clear, and the heart showed no cardiomegaly or point of maximum impulse. A grade 2 of 6 systolic ejection murmur in the aortic area was noted. The S2 was widely split with inspiration and there was a fourth heart sound gallop. She reported having chest tightness with exercise consistent with angina pectoris and shortness of breath on rapid walking consistent with congestive failure. The abdomen showed an 11-cm liver that had a 1-cm palpable edge. It was soft and nontender. No spleen was palpable. Abdominal ultrasound confirmed the hepatomegaly and normal spleen size. The extremities showed puffy nonpitting edema to the knees. The right dorsalis pedis pulse was palpable, the posterior tibial pulses were absent bilaterally. The popliteal pulse was present on the right and indeterminate on the left. Acrocyanosis of the toes was noted. The anklejerks were absent and there was decreased pin and vibration sense in the great toes. At a repeat examination 2 yr later, the pin-prick awareness in the toes was improved but the anklejerks were still absent.
The subject's family history of heart disease is difficult to assess because grandparents, aunts, and uncles died in Europe during World War II. However, her mother (MK, age 75) is alive and well with a normal total and HDL cholesterol, and her father died at age 76 of adult-onset diabetes. The 56-yr-old brother (PK) also has normal plasma and HDL cholesterol with ulcer disease treated with diet, but is asymptomatic for CAD. The patient has a 17-yr-old son (MM) and a 14-yr-old daughter (HM) with no known clinical disease. Her husband died of cancer at age 51. The subject and her children habitually eat a low fat diet. There was no known consanguinity.
Plasma samples. Blood samples from the patient and her two children were obtained at the NWLRC. Venous blood was drawn from the antecubital vein into EDTA-containing Vacutainer tubes (BectonDickinson & Co., Rutherford, NJ) after a 12-14-h overnight fast.
Plasma was separated by low speed centrifugation at 40C, and sodium azide, gentamycin, and chloramphenicol were promptly added to final concentrations of 0.5, 0.005, and 0.01 g/liter, respectively. Fasting plasma samples from her mother and brother were air shipped in ice to Seattle. All HDL isolations commenced within 48 h after the blood was drawn.
Lipoprotein fractionation. Fractionation of the patient's plasma into VLDL, LDL, and HDL was performed as described ( 10 The first isolation, and isolations from plasma samples of the relatives, followed an established two-step immunoaffinity chromatography procedure (7, 8) with the following modifications. Plasma aliquots (20 ml from the patient, and 2.5-5 ml from her relatives) were sequentially adsorbed with DS cellulose, anti-A-II-Sepharose CL 4B, and anti-A-I-Sepharose CL 4B to respectively remove all apo B-containing lipoproteins ( 13) In the second isolation, 12 ml of the subject's plasma was sequentially adsorbed with DS cellulose, anti-A-I-Sepharose and anti-A-IISepharose. By reversing the sequence of the immunosorbents, all apo A-I-containing lipoproteins, i.e., Lp(AI w All) and Lp(AI w/o All) bound to the anti-A-I immunosorbent whereas only Lp(AII) bound to the anti-A-II column. These lipoproteins were desorbed from the immunosorbent as described above and were further subjected to heparin Sepharose chromatography to remove apo E-containing lipoproteins (14) before cell cholesterol esterification studies.
Cell cholesterol esterification studies. Normal skin fibroblasts were cultured from explants of punch biopsies of skin from the inner thigh of normal volunteers as previously described ( 15) . Fibroblasts between passage 5 and 15 were grown to confluence (7-10 d) before use. Confluent cells were rinsed twice with PBS containing 1 mg/ml BSA, and cholesterol-loaded by incubation for 48 h with serum-free DME containing 2 mg/ml BSA and 50 gg/ml (nonlipoprotein) cholesterol.
After loading with cholesterol, cells were rinsed three times with PBS containing 2 mg/ml BSA, and fresh DME containing 1 mg/ml BSA was added for 16 h to allow equilibration of cholesterol pools. Subsequently, cells were rinsed and incubated with DME containing 1 mg/ ml BSA and various amounts of HDL particles for 16 h. The medium was then removed and the cells were rinsed once with PBS to remove the added HDL. Intracellular pool of cholesterol available for esterification by acyl-CoA: cholesterol acyltransferase were estimated by incubating cells with DME containing 9 ,uM '4C-oleate complexed with albumin for 1 h. After incubation, the cells were chilled on ice, washed two times with ice-cold PBS/BSA then twice with ice-cold PBS. The cells were extracted immediately and free and esterified cholesterol were separated by thin layer chromatography and determined by scintillation counting as previously described ( 16) .
Analytical procedures. Total and unesterified cholesterol (C, FC), phospholipid (PL), and TG in the plasma and lipoprotein fractions were measured by enzymatic methods ( 17). Apo A-I, A-Il, B, D, and lecithin cholesterol acyltransferase (LCAT) mass were quantitated by specific immunoassays (18) (19) (20) (21) (22) . Plasma LCAT activity was measured using the apo A-I proteoliposome common substrate method (23) . The protein composition of the isolated HDL particles was examined by nonreducing SDS 7-20% gradient PAGE according to the method of Laemmli (24) . HDL particle sizes were determined by nondenaturing gradient PAGE using precast 4-30% gels (Pharmacia LKB Biotechnology Inc.) (25) with electrophoresis carried out to 1,500 and to 3,000 V h. The former prevented the loss of particles < 7.0 nm in Stokes diameter. The latter allowed the larger particles and the calibration proteins to migrate to equilibrium. Proteins in the SDS and nondenaturing gels were visualized with 0.1% Coomassie blue R-250 and G-250, respectively. Gels were scanned and integrated with the Gelscan XL software (2400; Pharmacia LKB Biotechnology Inc.). Chemical cross-linking studies were performed with dimethylsuberimidate according to the method of Swaney and O'Brien (26) . The crosslinked products were delipidated and analyzed with SDS-PAGE as described (27) .
Results
Lipid and apo profile. The patient's lipid profile determined under two different occasions 2 yr apart had an unusually low total plasma cholesterol attributable to her extremely low HDL cholesterol (Table I) . Although her plasma TG was normal, most of it (60%) was located in LDL rather than VLDL. The lipid composition of the DS-Mg supernatant fraction, usually considered representative of HDL, was quite different from that of normal. Specifically, there was as much TG as cholesterol, and the PL content was nine times more than the cholesterol. The HDL cholesterol levels in the patient's relatives were between the 10th and 50th percentiles for age-and sexmatched controls (28) . Their overall lipid profiles and the lipid composition of the DS-Mg supernatant (HDL) fraction were normal although the HDL fraction of PK, who had elevated plasma TG, was TG enriched.
Consistent with her unusually low HDL cholesterol level, the plasma apo A-I and A-II levels of the patient were 4 and 14% of controls, respectively (Table II) . Thus her plasma A-I/ A-Il ratio was considerably lower than that in controls. Apo D and LCAT, two other proteins normally found in HDL, were also reduced (Table II) , but to a lesser extent (30-40% of controls). Plasma LCAT activity (20.4 nmol h-'-,g LCAT-') measured with the exogenous A-I proteoliposome substrate was comparable to MK (20.7 nmol -h-' -,ug LCAT-') and PK (22.0 nmol * h-' . ,g LCAT-'). With the exception of an unusually high apo A-Il concentration in PK, the plasma levels of these proteins in the patient's relatives were within the normal range for an adult population. Plasma apo B levels were normal in all subjects. Characteristics ofHDL particles. With sequential immunoaffinity chromatography, three populations of HDL particles were isolated from the plasma of the patient: one contained both apo A-I and A-II, Lp(AI w AII); one contained apo A-I but not A-II, Lp(AI w/o AII); and the third (an unusual one), contained apo A-II but not A-I, Lp(AII). Two thirds of the plasma apo A-I and A-II were found in Lp(AI w/o All) and Lp(AII), respectively. Thus, the majority of the apo A-I and A-II in the patient existed in separate HDL particles, and only 25% of plasma A-I and 20% of plasma A-II were located in Lp(AI w All). In the patient's relatives, both Lp(AI w All) and Lp(AI w/o All) were present, with the majority of apo A-I (60-87%) located in particles with apo A-II. There was no evidence of any significant amount of Lp(AII), and 1% of apo A-I and A-Il were detected in the materials bound to DS cellulose (the DS fraction). This DS fraction contained essentially all the apo B-containing lipoproteins. However, in the patient, an abnormally high 7% of plasma A-I and 12% of plasma A-II were recovered in this fraction.
The distribution of apo D and LCAT among the various HDL particles was studied. In all five subjects, relatively more apo D was associated with apo A-II-containing particles whereas LCAT was found mostly in particles without apo A-II (Table III) . In the patient's relatives, the HDL-associated apo D and LCAT represented 84 and 93% oftotal apo D and LCAT in plasma, respectively. In contrast, over 40% of the patient's apo D, and 30% of LCAT were in the non-HDL plasma fractions. In the patient and in MK and PK, non-HDL apo D was located in the DS fraction as well as the apo A-I-, A-Il-, and B-free plasma, i.e., lipoprotein-deficient plasma. In MM and HM, non-HDL apo D was detected only in the DS fraction. In all subjects, nearly 90% of the non-HDL LCAT was recovered in the lipoprotein-deficient plasma.
The protein composition of the HDL particles was also examined by SDS-PAGE. As shown in Fig. 1 Fig. 1 . As we and others have observed, proteins larger than apo A-I and smaller than apo A-II were seen in all HDL particles (30, 31 ). The larger ones were predominantly located in particles without apo A-II whereas those with molecular weights similar to the apo Cs were mostly found in Lp(AI w All).
The lipid composition of the various HDL particles are shown in Table IV . In the relatives the composition was similar to that reported for other subjects of comparable plasma lipid levels (7, 30, 32) . Although IM had a normal plasma TG level, her HDL were enriched in TG and depleted ofcholesteryl ester (CE). Furthermore, her two apo A-I-containing lipoprotein particles had a much lower lipid/protein ratio than that of her relatives, suggesting that they were denser HDL particles. In contrast, her Lp(AII) contained nearly equal amounts of lipid and protein, a ratio approaching the two populations of A-Icontaining particles of her relatives.
Agarose gel electrophoresis was performed on the patient's HDL particles. Due to the small amount ofmaterials available, and probably to the low lipid content of some of the particles, we were only able to see, with certainty, alpha migrating Lp(AII) when the gel was stained for lipid with Sudan black. Staining the gel for protein with Coomassie G-250 revealed alpha and prebeta materials in both Lp(AI w/o All) and Lp(AI w All) (data not shown).
The particle sizes of the three populations of HDL were studied by nondenaturing gPAGE. Each population of HDL (Fig. 3 A) . Cross-linking of Lp(AII) with dimethylsuberimidate followed by delipidation and SDS-PAGE showed that the majority of Lp(AII) particles likely contained proteins with a total molecular weight equivalent to four molecules of apo A-II (Fig. 3 B) .
(One molecule ofA-II is defined as two identical peptides of 77 amino acids.) Effect ofHDL intracellular cholesterol efflux. The ability of the patient's Lp(AII) and total apo A-I-containing lipoproteins, Lp(AI), i.e., combination of Lp(AI w All) and Lp(AI w/o All), to promote intracellular cholesterol efflux was measured by the ability of these lipoproteins to decrease esterification of cell cholesterol in cholesterol-loaded cultured human fibroblasts. Both Lp(AI) and Lp(AII) reduced cell cholesterol esterification in a dose-dependent manner (Fig. 4) . Furthermore, the effectiveness of these particles were comparable to the Lp(AI) from a normolipidemic subject at similar total protein concentration and apparently more effective when normalized for A-II concentration. or.
M-400 (4) . The gross lipid and apolipoprotein profiles of her four first-degree relatives appear normal, though many parameters of her two children were on the low side of normal range for an adult population. Whether this finding is related to the low fat diet ofthe family or that the children are heterozygous for the unknown maternal defect(s) that 'eads to HDL deficiency remains to be determined. Since the molecular defects underlying the profound HDL deficiency in IM and in Tangier disease are not known, a definitive statement regarding whether IM has Tangier disease cannot be made. Nevertheless, the patient was found to have an increased ratio of pro to mature apo A-I and an increased amount of disialated apo E similar to that found in patients with Tangier disease (Rader, D., personal communication). Her apo A-I and A-TI were indistinguishable from normal A-I and A-II in nonreduced SDS-PAGE. Thus, the primary defect in IM is different from that in two recently reported cases of apo A-I deficiency that involved a frameshift mutation (37) and a 45-bp deletion (38) in the apo A-I gene. In the patient with frameshift mutation, an A-I-A-II hetero dimer was detected by immunoblot ofisoelectric focusing gel and mass spectrometry. In the patient with a 45-bp deletion, his apo A-I migrated slightly faster than normal A-I in SDS-PAGE. The normal free/esterified cholesterol in the patient's plasma showed that the cholesterol esterification function of LCAT was not significantly affected by the strikingly low level ofA-I. Furthermore, the ability of her plasma to esterify exogenous cholesterol in proteoliposome containing apo A-I indicates that she does not have defects similar to Fish Eye disease (39) . Posthe- parin plasma hepatic triglyceride lipase activity was also normal, 89 versus 90±40 nmol/min-' per ml-' for normal females. (hepatic triglyceride lipase activity was measured by Dr. J. D. Brunzell, University of Washington, Seattle, WA). Several apo A-I variants resulting from a single amino acid substitution or deletion have also been reported (34, (40) (41) (42) (43) . Their HDL cholesterol and apo A-I levels, however, ranged between subnormal to normal, and there was no evidence of Lp(A-II)
in two A-IM&lo carriers studied (27) . Thus, it is unlikely that the molecular defect(s) in IM resembles any of these known cases of apo A-I variants. Taken together, the apo A-I deficiency in IM is likely due to rapid catabolism as in Tangier disease, and the possibility of a defect in the conversion of pro apo A-I to apo A-I cannot be ruled out. Besides being deficient in quantity, the HDL present in the patient's plasma were abnormal in composition and size. In normal subjects and in the patients' relatives the molar A-I/All ratio of Lp(AI w All) ranges between 1.3 and 1.9. These ratios are consistent with earlier chemical cross-linking studies showing that Lp(AI w AIl) particles with Stokes diameter between 7.8 and 9.7 nm have an apparent protein molecular weight equivalent to two molecules ofA-I and one or two molecules of A-II per particle (27) . The molar A-I/A-II ratio ofthe patient's Lp(AI w All) was only 1. Along with the small particle size (< 8.2 nm), this suggests that the average Lp(AI w All) in IM contained only one molecule ofA-I and A-Il per particle. In addition to Lp(AI w All) and Lp(AI w/o All), a third population of lipoprotein particles that is not found in normal subjects was present in the patient's plasma: Lp(AII). These lipoproteins contained A-II as the major protein component, had a lipid/protein ratio only slightly less than normal HDL, and carried 60% of all the lipids located in her HDL. Chemical cross-linking studies showed that most of the Lp(A-II) molecules had an apparent protein molecular weight equivalent to four molecules of apo A-Il. It is of interest to note that in vitro complexing of apo A-Il with HDL lipids also resulted in HDL containing four molecules of A-II per particle (44) . Since Lp(AII) contained 50% lipid and 50% A-II, it can be calculated that the average molecular mass of Lp(AII) is -139 kD, the size of small HDL.
All ofthe HDL particles in IM were rich in TG and poor in CE. Nonetheless, the FC/CE ratio and the proportion of core to surface lipid were normal, suggesting that most of the HDL particles were probably spherical and that lipid transfer protein activity was normal. The lipid/protein ratio (25:75%) of the patient's Lp(AI w All) and Lp(AI w/o All) was considerably lower than that ofher relatives ( 50:50%) and other normolipidemic subjects we have studied (7, 9, 30) . Their size profiles showed substantial amounts of particles with Stokes diameters smaller than albumin. Thus, the A-I-containing HDL particles of IM were very dense and small lipoproteins, most of which would probably not be within the classical density 1.063-1.21 g/ml HDL region. Similar small, spherical, and dense Lp(AI w All) and Lp(AI w/o All) enriched with TG have been isolated from Hep G2 conditioned medium (45) . Unlike the patient's A-I-containing lipoproteins, the lipid/protein ratio and particle size of Lp(AII) were nearly comparable to normal HDL. These lipoproteins would be predicted to float at density 1.21 g/ml in the ultracentrifuge. Thus, the nature of the A-I-and/ or A-Il-containing particles in IM appeared to be comparable to those in a subject with apo A-I deficiency heterozygous for a 45-bp deletion in exon 4 of the apo A-I gene (38) and in Tangier disease where most ofthe A-Il was reported to be located in the plasma lipoproteins with alpha electrophoretic mobility whereas most of the A-I was found in the lipoprotein-free plasma fraction and migrated with prebeta mobility (46, 47 The distribution of all four usually "HDL-associated" proteins was somewhat abnormal in the patient. First, most of her A-I and A-Il were found in separate particles whereas, in normal individuals, approximately two thirds of A-I and essentially all A-II were associated with each other (7, 9, 32) . Second, in normal individuals and in the patient's relatives, < 1% of plasma A-I and A-II were found in the DS fraction; but in IM, 7% of A-I and 12% A-II were located there. Third, in normal plasmas, > 85% of plasma apo D and LCAT are HDL associated (7, 51 ). However, in IM, 41% of apo D and 31% of LCAT were not associated with her HDL particles. The significance of the abnormal distribution of A-I, A-II, D, and LCAT in the patient's plasma is not clear. Increased association ofA-I and/or A-II with the lower density lipoproteins has also been observed in Tangier plasma (47, 52) . It has been suggested that in Tangier disease the increased presence ofA-II in VLDL and LDL rendered those lipoproteins poor substrates for lipoprotein lipase (LPL) and may explain the hypertriglyceridemia in that disease (52) . Hypertriglyceridemia, however, was not present in this patient, despite a low postheparin LPL activity. (Her postheparin plasma LPL activity, performed by Dr. J. D. Brunzell, University of Washington, was 54 compared with 220±59 nmol -min-' ml-' for normal controls.) Decreased association of LCAT with A-I-containing lipoproteins has also been observed in Tangier plasma and in Hep G2 conditioned medium (45, 53, 54) . Whether this decrease was the cause or the result of the abnormal HDL in the patient is not known. It is intriguing that despite the predominance of Lp(A-II) in the patient and their apparently normal lipid composition minimal LCAT was found associated with these particles. Thus, the association of LCAT with HDL particles appears to be HDL subspecies specific.
In conclusion, an HDL-deficient patient with many clinical and biochemical manifestations of Tangier disease has been studied along with first-degree relatives. The patient's HDL was characterized by small, protein-rich Lp(AI w All) and Lp(AI w/o All) and the presence of substantial quantities of Lp(AII) with normal lipid/protein ratio. These particles were effective promoters of cholesterol efflux from cholesterolloaded fibroblasts. Although the genetic defect of the patient remains to be determined, the present findings are consistent with enhanced catabolism as the metabolic cause of HDL deficiency. Finally, because of the small family size, a causal relationship between HDL deficiency and CHD in this patient cannot be made.
